The light harvesting efficiency of dye-sensitized solar cells was enhanced by using a scattering layer. Such as sphere type TiO 2 , inverse photonic crystal TiO 2 , hollow spherical TiO 2 . Among these materials, the TiO 2 with inverse photonic crystal (IPC) structure, synthesized by self-assembly using spherical templates, has attracted much attention due to their photonic crystal characteristics and light scattering effects. However, when applied in the DSSCs, the surface area of IPC is very low that caused insufficient adsorption amount of dye molecules. In the present work, a scattering layer with mesoporous inverse photonic crystal (MIPC) TiO 2 film was fabricated by the sol-gel reactions with surfactant-assisted sol-gel method using poly(methyl methacrylate) as the template and titanium (IV) isopropoxide as the TiO 2 precursor. After removing the PMMA and surfactant, a highly ordered macroporous structure with mesopores were successfully obtained. The surface area and total pore volume of the MIPC were 82 m 2 /g and 0.31 cm 3 /g, respectively, which is much larger than those of the IPC. The DSSCs with the scattering layer of MIPC film exhibited 18 and 10% higher photoconversion efficiency than those of cells only with a nano-crystalline TiO 2 film and with scattering layer of IPC film. From UV-visible spectra of dye solutions, the MIPC film showed a higher amount of absorbed dye molecules than those of the reference and IPC films. Accordingly, an increase in the photo-current density through abundant adsorption of the dye, coupled with inherent light scattering ability can improve overall photo-conversion efficiency.
INTRODUCTION
Dye-sensitized solar cells (DSSCs), pioneered by Grätzel and co-workers in the early 1990s, are a compelling energy source and regarded as a regenerative low-cost alternative to the conventional silicon-based solar cells. The DSSCs are composed of an anode electrode, typically composed of an approximately 10 m-thick film of nanocrystalline TiO 2 (sensitized with a visible absorbing ruthenium complex dye), a liquid-iodide based electrolyte, and a Pt counter electrode. 1 The output power of the cells in terms of photo-conversion efficiency can be enhanced by improving their light harvesting efficiency (LHE). 2 In order to increase the LHE, TiO 2 with metal doping and turning of the TiO 2 morphology towards the nanorods, nanotubes, and nanoneedle flowers, along with their bilayer, buffer layer and scattering layer structures, were designed and * Author to whom correspondence should be addressed.
investigated. [3] [4] [5] [6] [7] [8] In these structures, the light scattering layers using sub-micron-sized TiO 2 particles of various shape were introduced onto the nanocrystalline TiO 2 films. [9] [10] [11] [12] [13] [14] Among the different approaches that can be adopted, studies of light-harvesting films obtained using inverse photonic crystals (IPC) have attracted a great deal of attention given that the IPC layers can harvest a specific region of the spectrum. [15] [16] [17] The ruthenium complex dyes, such as N3 and N719, which are generally used in DSSCs, are sensitized at wavelengths shorter than about 600 nm. [18] [19] [20] Thus, the concentration of the specific wavelength by the IPC is very useful for improving DSSC performance. There have been some researches that have demonstrated the possibility of using IPC electrodes in the DSSCs by harvesting a specific wavelength. [21] [22] [23] [24] However, when IPCs are applied in the DSSCs, the surface area of the IPC film is low compared to the required film thickness, giving that the photo-conversion efficiency of the DSSCs with IPC films is too low due to the insufficient amount of dye molecules adsorbed. Therefore, it is necessary to increase surface area of IPC materials by developing hierarchical pore structure. The IPC films using metal oxides have been intensively investigated due to their usefulness in optics and photocatalytic applications. 25 26 Thus, different synthetic routes, including sol-gel reactions and surfactant templating methods, have been used to prepare metal oxide based materials with meso-and macro-porous structures. 27 28 However, because the TiO 2 precursors among the metal oxides undergoes fast hydrolysis and condensation rates, there have been few reports on IPCs of TiO 2 with mesoand macro-porous structures. In addition, according to our knowledge, the fabrication of DSSCs using a uniform IPC film with a dual pore structure has not been reported. In this work, a mesoporous inverse photonic crystal (MIPC) TiO 2 film has been successfully prepared by a surfactant-assisted sol-gel method using poly (methyl methacrylate) (PMMA) as the template and titanium(IV) isopropoxide (TIP) as the TiO 2 precursor. The MIPC film with hierarchical pore structure was utilized as the scattering layer in DSSCs. The dual porous film played two different roles, viz. the harvesting of a specific wavelength and abundant adsorption of the dye molecules. Since their surface area was increased so as to allow for sufficient dye adsorption, the photo-conversion efficiency of the DSSCs was increased.
EXPERIMENTAL DETAILS

PMMA Preparation
The PMMA spheres were synthesized by polymerization of methyl methacrlate according to the procedure reported eleswehre. 15 Under a slow flow of nitrogen, 160 mL of deionized water and 3.0 mL of methyl methacrylate (Aldrich) were added to a round bottom flask, under stirring for 30 min at 70 C. The initiator was added to the reaction flask in a single portion through the condenser. It is important to establish a thermal equilibrium as soon as possible if monodispersed microspheres are to be formed. The reaction is typically continued for 1 h to produce the final colloidal PMMA spheres. The PMMA spheres were then centrifuged at 3000 rpm for 10 min, the water decanted, and the spheres allowed to dry for 2 days at 40 C.
Fabrication of the Dye-Sensitized Solar Cells
FTO glass substrates were cleaned by sonication for 15 min in deionized water and for 15 min in ethanol, followed by rinsing with water and drying in air. A nanocrystalline TiO 2 film with 10 m-thickness was prepared on the FTO glass by the doctor blade method using TiO 2 nanoparticles (Dyesol, 20 nm), and the resulting film was annealed at 450 C for 45 min. The PMMA spheres were disperesed in deionized water by sonicating for 1 h. Subsequently, the PMMA sol (2 wt%), thus prepared, were assembled onto nanocrystalline 
Characterization
X-ray diffraction (XRD) patterns were obtained in reflection mode using a Rigaku D/MAX-2200 Ultima equipped with Cu K radiation at 30 kV and 40 mA. N 2 adsorptiondesorption isotherms were collected on a Micromeritics Tristar system at liquid N 2 temperature. All of the samples were completely dried under vacuum at 100 C for 24 h before the measurement. The specific BET (BrunauerEmmett-Teller) surface areas were calculated from the adsorption branches in the range of relative pressure (p/p 0 = 0 05-0 20. The pore size distribution curves were obtained by the BJH (Barrett-Joyner-Halenda) method on the basis of the adsorption branches. Scanning electron microscopy (SEM) images were taken using a LEO Supra 55 field emission scanning electron microscope (FE-SEM) operating at an accelerating voltage of 15 kV. Highresolution SEM images were obtained using a Hitachi UHR S 5500 FE-SEM operating at 30 kV. Transmission electron microscopy (TEM) images were obtained 
RESULTS AND DISCUSSION
IPC and MIPC were synthesized in the form of a powder for the purpose of analyzing and comparing characteristics. Though the synthetic methods and precursors of the powder type samples are the same as those used for making the film type IPC and MIPC, a larger amount of the PMMA is required for the powder type. 29 Figure 1 shows the XRD patterns of the IPC and MIPC. All of the samples were determined to consist of crystalline anatase by XRD, and neither rutile nor brookite was present in the three types of crystalline TiO 2 . However, the full widths at half maximum (FWHM) of the XRD peaks at 25 proved quite different. The particle sizes of the IPC and MIPC determined from the FWHMs, using the Scherrer equation, were approximately 16.8 nm and 8.2 nm, respectively. 30 The calculated particle size of the MIPC was smaller than that of the IPC, due to the formation of TiO 2 nanoparticles in the synthesis of the MIPC with the surfactant. Nevertheless, the IPC without the surfactant contained the BET equation was twice that of IPC, with a total pore volume five times greater. Figure 3 shows the SEM images of the PMMA, IPC and MIPC synthesized using PMMA as the template. The SEM images of the PMMA show that it is well-dispersed and uniformly arrayed over a relatively large area. 28 31-33 Fig . 6 . Cross-section SEM images of 1st-MIPC with different MIPC film thickness.
While the inverse TiO 2 structure is well formed in the IPC and MIPC, there exists some differences between their surfaces, in that the surface of the IPC is quite smooth, whereas that of the MIPC is rough. This is probably due to the fact that the MIPC structure consists of a tremendous amount of TiO 2 nano-particles. The TEM images of the IPC and MIPC in Figure 4 confirm this result. The IPC TiO 2 structure is dense and mono crystalline with no mesopores. Nonetheless, there are some mesopores among the TiO 2 nano-particles in the MIPC structure.
All MIPC films with controlled thicknesses were fabricated on a 10 m-thick nanocrystalline TiO 2 electrode for light harvesting in the DSSCs. The IV -curve of the DSSCs and UV-visible spectra of the dye solutions, extracted from the dye-adsorbed TiO 2 films, are shown in Figure 5 and their characteristics are summarized in Table I with the MIPC film, having a thickness of 5.0 m, showed a better photo-conversion efficiency than those of films with thicknesses of 2.3 m and 12.0 m (Fig. 6 ). The DSSCs with the 2.3 m-thick MIPC film showed the lowest photo-conversion efficiency because their photocurrent density was the lowest, due to the insufficient amount of dye molecules adsorbed. Though the amount of dye molecules adsorbed was sufficient in the case of the DSSC with the 12.0 m-thick MIPC film, the cell did not show the best photo-conversion efficiency. The electrons from the dye could potentially recombine on the surface of the MIPC film due to its long electron path length. 21 The decrease in the open circuit voltage (V OC of the DSSC with the 12.0 m-thick MIPC film, due to the decrease of the Fermi level by electron recombination, indirectly supports this hypothesis. 34 35 Thus, the best thickness of the MIPC film for the DSSCs is determined to be approximately 5.0 m. Figure 7 shows the IV -curves and UV-visible spectra of the DSSCs without the lightharvesting film (1st-REF) and with IPC and MIPC as the light-harvesting films (1st-IPC and 1st-MIPC). The characteristics of the DSSCs are summarized in Table II . The amount of dye molecules adsorbed onto the 1st-REF and 1st-IPC are quite similar. However, the 1st-MIPC shows a higher amount of adsorbed dye molecules. The differences in the photo-conversion efficiency of the DSSCs both with and without IPC resulted from the light-harvesting effects of the IPC and the differences in the DSSCs with the IPC and MIPC are caused by the increase in the photocurrent density with increasing amounts of adsorbed dye molecules. 12 The 1st-MIPC show an 18% higher photoconversion efficiency than that of the 1st-REF with our light scattering layer. These are the best photo-conversion efficiencies reported thus far in studies of DSSCs fabricated using photonic crystalline films.
CONCLUSION
MIPC TiO 2 was successfully synthesized by a surfactantassisted method for use as a light-harvesting film. The MIPC film possesses good characteristics, such as a high surface area and mesopores. The MIPC film used as the second layer of the DSSCs increased both photocurrent efficiency and density due to abundant adsorption of the dye molecules and also revealed the light-scattering ability. As a result, the photo-conversion efficiency was enhanced by 10, and 18% compared to the 1st-IPC and 1st-REF. This represents a potential material capable of overcoming the inherent drawbacks of previously reported materials used for light scattering and is predicted to open up new opportunities for the fabrication of high-performance DSSCs with enhanced properties, such as meso-and macro-pores sizes and shapes. 
